
I 3 1 
4 

BELLCOMM. I N C .  8 
955 L'B(FANT P U Z A  NORM, S.W. 

* t b  

WASHINGTON, D.C 20024 

COVER SHEET FOR TECHNICAL MEMORANDUM 

TITLE- Entry Monitoring System Study Phase 1 TM- 69-2014-7 
DATE- June 2 6 ,  1 9 6 9  

FILING CASE NO(S)- 310 

FILING SUBJECT(S)- Entry Simulation 
( ASS i GNED BY AUTHOR( S)- 

A B  ST RACT 

AUTHOR( s)- I. Bogner 
G. Duncan 
C. H. Eley, I11 
D. S. Lopez 
S. B. Watson 

In support of the F Mission (Apollo lo), eleven entry 
simulations were flown on the Bellcomm Hybrid Entry Simulator 
by three members of the Technical Staff. Parameters included 
nominal and high-speed entry initial conditions and nominal 
and long ranges. Control was Auto GNCS, Manual GNCS and SCS/EMS. 

There was no problem in completing a safe entry in 
the automatic and manual GNCS modes. 

For some 40,000.  fps  cases the primary guidance dis- 
played an incompatibility on the EMS scroll following pullout: 
the G-V trace violated the g offset lines while the guidance 
delayed in rolling full lift down. 

For entry speeds greater than 36,000. fps, it is 
suggested that: 

1. Immediately following pullout, the pilot use the 
SCS to roll full down, should the primary guidance 
delay in doing so. 

2. Ranges in excess of 1700. nm be avoided. 

3 .  For  high-speed entries the range be greater than 

4. 

1350. nm to reduce the time under high g conditions. 

Furnishing the flight crew with a let down "plate", 
a plot of anticipated G versus V, is advisable for 
both automatic and manually controlled entries. ~ 
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5. High speed e n t r i e s  war ran t  s p e c i a l  t r a i n i n g .  

6 .  For high speed manually c o n t r o l l e d  e n t r i e s  a t  
nominal and steeper f l i g h t - p a t h  a n g l e s ,  t h e  p i l o t  
should r o l l  t o  105.O -115.O a t  p u l l o u t  and hold  
t h i s  u n t i l  c i r c u l a r  v e l o c i t y  i s  reached.  
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TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

The Ent ry  Monitoring System (EMS) Study (1) ( 2 )  was 
a real-time hybr id  computer s i m u l a t i o n  of EMS performance t o  
examine i t s  a b i l i t y  t o :  

-. 1 .  Provide pilot i n - f l i g h t  moni tor ing  of au tomat ic  
e n t r y  guidance.  

2 .  P rovide  a s a f e  p i lo t - execu ted  e n t r y  i n  event of 
a f a i l u r e  i n  t h e  automatic guidance  system. 

The s tudy  was undertaken t o  p rov ide  an independent  
e v a l u a t i o n  of t h e  EMS i n  suppor t  of s i m i l a r  e f f o r t s  a t  MSC. 
The work c o n s i d e r s  bo th  t h e  nominal l u n a r  r e t u r n  e n t r y  speed 
of 36,210. f p s  and t h e  emergency a b o r t  speed of 4 0 , 0 0 0 .  f p s  
w i t h  emphasis on t h e  l a t t e r .  

Phase 1, covered i n  t h i s  memorandum, w a s  l i m i t e d  
t o  d i r e c t  suppor t  of t h e  F Mission. I t  r e p r e s e n t s  a se t  of 
eleven e n t r i e s  observed o r  flown by each of t h r e e  p i l o t s .  
P h a s e  2 ,  which covers  a la rger  spectrum of i n i t i a l  c o n d i t i o n s ,  
and Phase 3 ,  concerned wi th  f a i l u r e  d e t e c t i o n ,  w i l l  be d e s c r i b e d  
i n  ano the r  memorandum. 

2 . 0  F M I S S I O N  SUPPORT 

The purpose of t h i s  e f f o r t  w a s  t o  o b t a i n  d a t a  on 
F Mission e n t r y  so f tware  and system performance i n  suppor t  
of s i m i l a r  e f f o r t s  a t  MSC and NAR. T o  t h i s  end, e n t r i e s  
l i s t e d  i n  Table  1 w e r e  performed on t h e  Bellcomm Hybrid Ent ry  
S imula to r .  Each of t h e  e leven s i m u l a t i o n s  w a s  flown by t n r e e  
members of t h e  t e c h n i c a l  s t a f f  who a r e  former m i l i t a r y  test  
p i l o t s .  Q u a n t i t i e s  r e q u i r e d  f o r  t h e  i n i t i a l i z a t i o n  of t h e  
hybr id  s i m u l a t o r  w e r e  genera ted  by t h e  Bellcomm D i g i t a l  Ent ry  
S imula to r .  
l a t o r  model a r e  p re sen ted  i n  t h e  Appendix. 

These and o the r  d a t a  which d e f i n e d  t h e  hybr id  simu- 
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For t h o s e  cases where t h e  guidance  computer s u p p l i e d  
t h e  r o l l  command, p i l o t  p a r t i c i p a t i o n  w a s  a f u n c t i o n  of t h e  
mode s e l e c t e d .  

Auto GNCS Mode - The p i l o t  observed t h e  d i s p l a y s  - hands 
o f f  - a s  t h e  e n t r y  w a s  completed by t h e  pr imary guidance 
and d i g i t a l  a u t o p i l o t .  

Manual GNCS Mode - The p i l o t  bypassed t h e  d i g i t a l  au to -  
p i l o t  and, u s i n g  t h e  r o t a t i o n a l  hand c o n t r o l l e r  (RHC) 
t o  c o n t r o l  t h e  SCS, c losed  t h e  guidance loop  by n u l l i n g  
t h e  F l i g h t  Director A t t i t u d e  I n d i c a t o r  ( F D A I )  r o l l  
e r r o r  needle .  

I n  t h e  SCS/EMS Mode t h e  p i l o t  f l ew  t h e  e n t r y  acco rd ing  
t o  t h e  fo l lowing  grouna r u l e s :  

(1) Always r o l l  t o  t h e  North side of t h e  t r a j e c t o r y .  

( 2 )  I n i t i a l l y  r o i l  t h e  l i f t  v e c t o r  t o  t h e  o r i e n t a t i o n  
des igna ted  on t h e  Ent ry  Pad. ( A l l  s i m u l a t i o n s  w e r e  
i n i t i a l i z e d  l i f t  up.) 

( 3 )  A t  1.5g, r o l l  l i f t  t o  conform t o  t h e  EMS g-onset  
and g - o f f s e t  c o n s t r a i n t s  g iven  on t h e  EMS s c r o l l .  

( 4 )  Following p u l l o u t  - i . e . ,  g d e c r e a s i n g  - a t t empt  
t o  ach ieve  a cond i t ion  where  dg/dV d e c r e a s e s .  

( 5 )  Where f e a s i b l e ,  a t tempt  t o  c r o s s  t h e  VSAT ( 2 5 , 5 0 0 .  f p s )  
l i n e  a t  2.0 < g < 5 .0 .  

(6) A t  or s h o r t l y  be fo re  c r o s s i n g  s a t e l l i t e  v e l o c i t y  
(VSAT) compare range-to-go w i t h  t h e  range p o t e n t i a l  
and modulate t h e  l i f t  v e c t o r  t o  n u l l  t h e  d i f f e r e n c e .  

( 7 )  For long r anges ,  where s t e p s  ( 4 ) ,  ( 5 ) ,  and ( 6 )  are  
n o t  r e a d i l y  a p p l i c a b l e ,  a t t empt  t o  keep t h e  minimum 
g l e v e l  t o  g r e a t e r  t han  0 .2 .  

I n  p r a c t i c e ,  as t h e  p i l o t  noted t h e  v e l o c i t y  approach- 
i n g  s a t e l l i t e  speed, he maneuvered t h e  s p a c e c r a f t  t o  a low g 
r e g i o n  t o  g a i n  excess  range  c a p a b i l i t y .  
n a t i o n  of t h e  e n t r y ,  h e  r o l l e d  t h e  s p a c e c r a f t  t o  match racge-  
to-go w i t h  range  c a p a b i l i t y .  

S h o r t l y  b e f o r e  t e r m i -  

The s tep-by-step procedure w a s  as fo l lows:  While 
t h e  computer s t a f f  i n i t i a l i z e d  t h e  s i m u l a t i o n ,  i n c l u d i n g  
t h e  EMS, t h e  p i l o t  reviewed t h e  Entry Pad, which i s  a l i s t  
of data a s s o c i a t e d  wi th  t h e  e n t r y .  Key Pad i t e m s  inc luded:  
expec ted  peak g ,  e n t r y  v e l o c i t y  and f l i g h t - p a t h  a n g l e ,  EMS 
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i n i t i a l  v e l o c i t y  and range-to-go, and t h e  r e q u i r e d  0.05g 
l i f t - v e c t o r  o r i e n t a t i o n .  For a l l  e n t r i e s  t h e  r o l l  i s  i n i t i a l l y  
l i f t  up,  i . e . ,  a bank a n g l e  of O o ,  b u t  a t  0.05g t h e  r e q u i r e d  
r o l l  i s  a f u n c t i o n  of t r a j e c t o r y  l o c a t i o n  i n  t h e  e n t r y  c o r r i d o r .  

The s i m u l a t i o n  s t a r t e d  a t  O.O5g, s i n c e  no p i l o t  
a c t i o n  i s  r e q u i r e d  u n t i l  then. The p i l o t  main ta ined  t h e  
s p a c e c r a f t  a t t i t u d e  l i f t  up o r  r o l l e d  l i f t  down, i n  accordance 
w i t h  En t ry  Pad i n s t r u c t i o n s .  H e  t h e n  f l ew  t h e  e n t r y  app ly ing ,  
w i t h  some l i c e n s e ,  t h e  SCS/EMS procedures .  

I n  a d d i t i o n  t o  t h e  EMS G-V t r a c e ,  key s t a t e  v a r i a b l e s  
such a s  r o l l  and r o l l  r a t e  were recorded  on s t r i p  c h a r t s .  
V e h i c l e  c o o r d i n a t e s  w e r e  recorded a t  t e r m i n a t i o n  (when t h e  
s p a c e c r a f t  descended t o  1 0 0 , 0 0 0 .  f e e t ) .  

3.0 SIMULATION RESULTS 

The p i l o t s  had cons ide rab le  expe r i ence  f l y i n g  SCS/EMS 
e n t r i e s  i n  Phases 2 and 3 p r i o r  t o  performing t h e  s i m u l a t i o n s  
of Phase  1. Each p i l o t  had between 30 and 60 runs  du r ing  
t h e  i n i t i a l  t r a i n i n g  phase.  I n  a d d i t i o n  each p i l o t  completed 
d a t a  runs  and supplementary t r a i n i n g  t o  b r i n g  t h e  t o t a l  number 
of e n t r i e s  t o  approximately 1 6 0  p e r  p i l o t .  Th i s  expe r i ence  
comes t o  l i g h t  i n  t h e i r  comments on Phase 1 e n t r i e s .  

The d i s c u s s i o n  i n  t h e  fo l lowing  paragraphs  i s  based 
upon t h e  r e s u l t s  of t h e  s imula t ions  as p resen ted  i n  F igu res  1 
through 11, corresponding  t o  t h e  e l e v e n  cases l i s ted  i n  Table  1. 

F igure  la------ G-V Traces 

F igu re  lb------ P i l o t  Comments 

F igure  IC------ T r a j e c t o r y  Data 

O n  t h e  t r a j e c t o r y  d a t a  s h e e t s  a p o s i t i v e  down range  
error i s  an  overshoot .  A p o s i t i v e  c ross - range  error means 
t h e  s p a c e c r a f t  i s  South of t h e  t a r g e t .  

The headings of t h e  i t e m s  below g i v e  mode of c o n t r o l ,  
e n t r y  speed,  f l i g h t  pa th  angle ,  range  t o  t h e  t a r g e t ,  and t h e  
F i g u r e  numbers of t h e  EMS t r a c e s  f o r  t h e  f l i g h t s .  

C a s e  1: Auto GNCS, 36,210. f p s ,  -6.49', 1350. mr Figures  
l a ,  l b ,  IC. 

The primary guidance performed s a t i s f a c t o r i l y  under 
nominal c o n d i t i o n s .  I n  t h e  p i l o t  comments, F igu re  
l b ,  t h e  p i l o t s  i n d i c a t e d  they  would have flown a 
d i f f e r e n t  p r o f i l e .  
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C a s e  2:  Manual GNCS, 36,210. f p s ,  -6 .49 ' ,  1350. nm, F i g u r e s  
2 a ,  2 b ,  2 c .  

Although t h e  p i l o t s  had no p r i o r  expe r i ence  i n  t h e  
manual GNCS mode, they  encountered no d . i f f i c u l t y  i n  
f l y i n g  t h e  e r r o r  needle .  The t e r m i n a l  misses w e r e  
on t h e  same o r d e r  as t h o s e  of t h e  a u t o  GNCS e n t r i e s .  

Case 3 :  SCS/EMS, 36,210. f p s ,  -6 .49 ' ,  1350. nm, F i g u r e s  3a,  
3b,  3c. 

P i l o t s  1 and 2 appeared t o  imi t a t e  t h e  GNCS, reach-  
i n g  a l o w  g ( 0 . 7 ) .  Neve r the l e s s  t hey  exper ienced  no 
problems i n  t e r m s  of s a f e t y .  The down-range m i s s e s  
w e r e  r ea sonab le ,  lO.nm-25.nm, and t h e  c ross - range  
m i s s e s  w e r e  what might b e  a n t i c i p a t e d  i n  v i e w  of t h e  
SCS/EMS phi losophy.  The p i l o t s  i n d i c a t e d  no problems 
i n  completing t h e  e n t r y .  

C a s e  4 :  Auto GNCS, 36,210. f p s ,  - 6 . 4 9 " ,  2500.  nm,  F igu res  
4a, 4b, 4c. 

The guidance performed s a t i s f a c t o r i l y .  T o  o b t a i n  
t h e  2500. nm range  it w a s  necessary  t o  s k i p ,  reach-  
i n g  0.01g. 

Case 5: SCS/EMS, 36,210. f p s ,  - 6 . 4 9 " ,  2500. nm, F i g u r e s  
5a ,  5b, 5c. 

T o  make t h e  range ,  t h e  p i l o t s  t r i e d  t o  i m i t a t e  t h e  
guidance.  Th i s  r e q u i r e d  a s k i p  t r a j e c t o r y  which 
reached a minimum of 0.01g. M i s s  d i s t a n c e ,  va ry ing  
from 1 0 .  nm t o  180. nm s h o r t ,  depended on how f o r t u -  
n a t e  t h e  f i l o t  w a s  i n  d u p l i c a t i n g  t h e  guided e n t r y .  

C a s e  6 :  Auto GNCS, 4 0 , 0 0 0 .  f p s ,  -6 .49 ' ,  13500nm, F i g u r e s  
6 a ,  6b, 6c .  

The guidance performed s a t i s f a c t o r i l y .  Monitor ing 
w a s  d i f f i c u l t  because t h e  G-V t race,  fo l lowing  pu l l -  
o u t ,  v i o l a t e d  t h e  o f f s e t  l i n e s  w h i l e  t h e  r o l l  command 
hovered a t  90. '  b e f o r e  r o l l i n g  f u l l  l i f t  down. The 
d e l a y  a t  9 0 . O  i s  due t o  t h e  h igh  g level:  The auto-  

t h e  g level  exceeds 5.44 g ,  r e g a r d l e s s  of range.  
T-&:  a C i C r  - s y s t e n  i s  prGgrarmd n o t  t o  lift dmm i f  

C a s e  7 :  Auto GNCS, 40,000. f p s ,  -7 .0° ,  1350. nm, F i g u r e s  
7 a ,  7b, 7c .  

The guidance performed s a t i s f a c t o r i l y .  The maximum 
g w a s  greater t h a n  f o r  case 6 ,  8.3g vs .  7.2g. The 
minimum g w a s  lower t h a n  f o r  case 6 ,  1.7g vs.  2 . 4 g .  



* 

BELLCOMM, INC.  - 5 -  

The o f f s e t  v i o l a t i o n  i n  case 6 r e c u r r e d  b u t  w a s  m o r e  
pronounced. The p i l o t s  found t h a t  t h e  v i o l a t i o n  
made f o r  a n  e x c i t i n g  r i d e .  

Case 8: Auto GNCS, 40,000. f p s ,  -5.6', 1350. n m ,  F igu res  
8a ,  8b, 8c.  

The guidance performed s a t i s f a c t o r i l y  b u t  s t a y e d  i n  
t h e  h i g h e r  g r eg ion .  
of r o l l i n g  down a t  0.05g a t  t h i s  sha l low ang le  t o  
i n s u r e  c a p t u r e .  

The p i l o t s  no ted  t h e  importance 

C a s e  9 :  SCS/EMS, 4 0 , 0 0 0 .  fp s ,  -6.49' ,  1350. nm,  F igu res  
9 a ,  9b, 9 c .  

The down-range m i s s  w a s  good, w i t h i n  k15.  nm. 
P i l o t  2 r o l l e d  f u l l  down soon a f t e r  p u l l o u t .  P i l o t s  
1 and 3 took a less c o n s e r v a t i v e  approach: 
r o l l e d  t o  a s m a l l  neqa t ive  l i f t  b e f o r e  s t a r t i n g  t o  
range.  All t h r e e  had o f f s e t  t a n g e n c i e s .  None w e r e  
i n  danger of sk ipping  because t h e  t angenc ie s  w e r e  
a t  r e l a t i v e l y  h igh  g wi th  some n e g a t i v e  lift on t h e  
s p a c e c r a f t  . 

t hey  

Case 1 0 :  SCS/EMS, 4 0 , 0 0 0 .  f p s ,  -7.0°, 1350.  nm, F igu res  
l o a ,  lob, 1Oc. 

The p i l o t s  d i d  w e l l ,  coming w i t h i n  225. nm down- 
range of t h e  target.  The s t e e p  e n t r y  a n g l e  led t o  
a h igh  peak g of 8 .1 .  Fo r  a l l  t h r e e  p i l o t s ,  o f f s e t  
t angenc ie s  occurred fo l lowing  p u l l o u t .  They w e r e ,  
however, i n  t h e  high g r e g i o n  and under c o n t r o l .  

Case 11: SCS/EMS, 4 0 , 0 0 0 .  f p s ,  -5.6', 1350. nm, F igu res  
l l a ,  l l b ,  l l c .  

The p i l o t s  came w i t h i n  25. nm down-range of t h e  
t a r g e t .  There w a s  a c l e a r  i n d i c a t i o n  of overshoot-  
i n g  t h e  t a r g e t .  
i n  t h e  h igh  g reg ion .  

Most of t h e  t r a j e c t o r y  was completed 

4.0 SUMMARY 

F indings  are summarized w i t h  r e s p e c t  t o  s a f e t y ,  
c o m p a t i b i l i t y  and landing  p o i n t  c o n t r o l .  

(1) No d i f f i c u l t i e s  were encountered i n  t h e  Auto G N C S ,  
Manual GNCS and SCS/EMS Modes f o r  t h e  nominal e n t r y .  
(Runs 1-3) 

( 2 )  There w a s  no problem wi th  t h e  Auto GNCS e n t r y  f o r  
t h e  nominal i n i t i a l  c o n d i t i o n  long-range e n t r y .  
(Run 4 )  
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( 3 )  I m i t a t i n g  t h e  primary guidance,  and t h u s  bypass ing  
s a f e  backup procedures ,  t h e  p i l o t s  s t i l l  f e l l  s h o r t  
of t h e  2500. nm t a r g e t .  (Run 5)  

( 4 )  Following p u l l o u t  of t h e  nominal and s t e e p  high- 
speed e n t r i e s ,  t h e  GNCS de layed  r o l l i n g  full-down. 
Th i s  r e s u l t e d  i n  a n  o f f s e t  l i n e  v i o l a t i o n .  There 
w a s  a tendency t o  assume manual c o n t r o l .  (Runs 6 ,  7 )  

( 5 )  A t  4 0 , 0 0 0 .  f p s ,  l i f t  r e v e r s a l  t iming  i s  impor tan t .  
With t h e  shal low e n t r y ,  a s l i g h t  d e l a y  i n  r o l l i n g  
down a t  0.059 de lays  s u r e  c a p t u r e .  For t h e  nominal 
f l i g h t - p a t h  angle ,  a d e l a y  i n  r o l l i n g  f u l l  up a t  
1.59 r e s u l t s  i n  greater peak g a t  p u l l o u t .  
(Runs 9 ,  11) 

( 6 )  A t  4 0 , 0 0 0 .  f p s  t h e  g response  i s  q u i t e  s e n s i t i v e  
t o  bank angle .  (Runs 9 - 1 1 )  

( 7 )  A t  h igh  speed f o r  s h o r t  r a n g e s ,  most of t h e  e n t r y  
i s  i n  t h e  h igh  g r eg ion .  (Runs 9-11)  

( 8 )  A t  4 0 , 0 0 0 .  f p s  t h e r e  i s  no d i f f i c u l t y  i n  t h e  SCS/EMS 
Mode i n  r each ing  t h e  t a r g e t ;  an  overshoot  i s  q u i t e  
p o s s i b l e .  

5.0 RECOMMENDATIONS 

The fo l lowing  sugges t ions  a r e  based upon t h e  
work i n  Phase 1 b u t  drawn f r o m  t h e  expe r i ence  gained i n  t h e  
o t h e r  phases .  

(1) Following p u l l o u t  of a high-speed e n t r y ,  i f  t h e  
GNCS d e l a y s  i n  r o l l i n g  f u l l  l i f t  down, manually 
o v e r r i d e  t h e  r o l l  command, and f o r c e  l i f t  down. 

( 2 )  Avoid ranges  i n  excess  of 1 7 0 0 .  nm. 

( 3 )  T o  keep t h e  g l e v e l  w i t h i n  r easonab le  l i m i t s  dur- 
i n g  high-speed e n t r i e s ,  ranges  g r e a t e r  than  1350.nm 
should be  considered.  

( 4 )  I n  view of t h e  degrada t ion  of s k i l l s  which may be  
exper ienced ,  coupled wi th  t h e  v a r i e t y  of e n t r y  pro- 
f i l e s ,  it i s  recommended t h a t  some type  of EMS l e t  
down " p l a t e "  be  supp l i ed  t o  t h e  f l i g h t  c r e w  f o r  
bo th  t h e  automatic  and manually c o n t r o l l e d  e n t r i e s .  
Data f o r  t h e  l e t  down p l a t e ,  a p l o t  of a n t i c i p a t e d  
EMS G v e r s u s  V ,  can be t r a n s m i t t e d  t o  t h e  f l i g h t  
c r e w  w e l l  i n  advance of t h e  e n t r y .  
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(5) High-speed entries are sufficiently different from 
nominal lunar-return entries to warrant attention 
in astronaut training. 

For high speed manually controlled entries at 
nominal and steeper flight-path angles, the pilot 
should roll to 105.O -115.' at pullout and hold 
to VSAT. 

( 6 )  

At tachmen t s 
Table 1 
Figures la - lla 
Figures lb - llb 
Figures IC - llc 
Tables A1 and A2 
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TABLE A-1. INITIALIZATION DATA 

1. Vehicle. 
Altitude 
Longitude 
Geocentric Latitude 
Azimuth 
Lif t-to-Drag Ratio (L/D) 
Weight 
Inertia Tensor 

6250. -60.2 
6434. 

2. Target. 
Range (nm) 
1350. 
2500. 

Latitude ( " 1  
-20.249 
-18.680 

399,722. ft 
0.0' 

18,3151' 
98.5620' 
0.291 

12,121.5 lbs 
2 slug-ft 

446.1 
-51.9 
5851.2 

Longitude ( '1 
23.709 
44.030 

3. Environment. 
Atmosphere: U . S .  Standard, 1962. 
Earth: Geometry - Spherical 

Gravity - Fisher ellipsoid, first harmonic. 
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TABLE A-2. EMS INITIALIZATION DATA 

I n i t i a l  R o l l  a t  0 . 0 5 g  

UP 

UP 

UP 

UP 

UP 

d o w n  

UP 

d o w n  

d o w n  

UP 

d o w n  

V e l o c i t y  (fps) 

36,293. 

36 , 293. 

36 , 293.  

36  I 293.  

36  , 293.  

40,072. 

40,072. 

40,068. 

40,072.  

40,072. 

40,068. 

R a n g e -  to-go (nm) 

1287 .3  

1287.3  

1287.3  

2526.0 

2526.0 

1276.9  

1305.5  

1240.6 

1276.9 

1305 .5  

1240.6  


